Abstract. Neoadjuvant chemotherapy is often used in the treatment of advanced esophageal cancer. In this study, we determined the impact of chemotherapy on microRNA (miRNA) expression in esophageal cancer cells, and whether identified changes might have biological relevance. Two esophageal carcinoma cell lines (one adenocarcinoma and one squamous cell carcinoma) were treated with cisplatin or 5-fluorouracil for 24 or 72 h. RNA was extracted from cells following 24-h treatment, and used for microarray studies. Promising miRNA candidates were selected for RT-PCR validation. Target prediction using TargetScan, combined with bioinformatic analysis (Ingenuity Pathway Analysis, IPA), was performed to evaluate the implications of the altered miRNA expression. Thirteen miRNAs
Introduction
The prognosis for esophageal cancer remains poor, and the majority of patients present with advanced stage disease.
Neoadjuvant chemoradiotherapy is used as a strategy to improve post-surgical treatment outcomes, and response to treatment has been reported to be an independent prognostic factor following esophagectomy (1) (2) (3) (4) (5) . Currently, however, some patients respond well to chemotherapy, and some do not. Identifying patients who may or may not benefit from neoadjuvant chemotherapy may help better tailor clinical treatments.
Molecular markers, such as microRNAs (miRNAs, miRs), might provide a promising new approach in this context. MicroRNAs are small non-coding RNA molecules which regulate gene expression. Changes in miRNA expression have been found in various malignancies after exposure to cytotoxic stimuli such as radiotherapy and chemotherapy (6) . In our current study we determined whether exposure to cisplatin and 5-fluorouracil (5-FU), the two most commonly used agents for the treatment of esophageal cancer, leads to alterations in the miRNA expression in esophageal adenocarcinoma (EAC) and squamous cell carcinoma (SCC) cell lines, as well as the biological relevance of any identified changes.
Materials and methods
EAC and SCC cell lines were treated with cisplatin or 5-FU for 24 h (short-term) or 72 h (long-term), and miRNA expression was analyzed via microarray and RT-PCR. Target prediction and bioinformatic analysis was then used to elucidate possible effects of the observed alterations in miRNA expression.
red-free (RPMI-1640 medium, #11835; DMEM/F12 1:1: Gibco Invitrogen, #11039) containing the same supplements was used.
Drug treatment. Cells were seeded into 6-well plates (9.5x10 4 and 2x10 5 viable cells/well respectively, for KYSE410 and OE19) and allowed to attach. After reaching 30-60% confluency (for short-term experiments) or 10-20% confluency (for long-term experiments), fresh medium containing cisplatin or 5-FU was prepared and added to the corresponding cells. The concentrations of drugs used in this context represented the approximate median lethal doses (LD50) after 72-h exposure in the respective cell lines (KYSE410, 5 µM cisplatin, 5 µM 5-FU; OE19, 20 µM cisplatin, 100 µM 5-FU; determined in previous experiments, data not shown). After 24-h (shortterm experiments) or 72-h exposure (long-term experiments), cells were lysed in TRIzol ® (Invitrogen Life Technologies, NY, USA) and stored at -20˚C for later RNA processing. All experiments were performed in 3 independent replicates.
RNA extraction and preparation. Extraction of total RNA from the lysate was performed according to the manufacturer's protocol. The concentration of RNA was quantified by UV spectrophotometry (NanoDrop ® ND-8000 Spectrophotometer, Thermo Fisher Scientific, Wilmington, USA). RNA quality was determined by electrophoresis through a 1% agarose gel. All RNA samples were confirmed to be undegraded by visualization of the distinct 28S and 18S rRNA species. The final RNA solution was stored at -20˚C.
DNase-pretreatment. In order to remove contaminating DNA from RNA preparations, and to subsequently remove the DNase and divalent cations from the sample, all samples were treated with Ambion ® TURBO DNA-free™ (Applied Biosystems, Foster City, CA, USA, cat# AM1907). Briefly, 500 ng of RNA (dissolved in 8-µl nuclease-free water) were incubated with 1 µl 10X TURBO DNase Buffer and 1 µl rDNase I for 30 min at 37˚C in a thermocycler (Eppendorf Mastercycler, Eppendorf, North Ryde, NSW, Australia). Then, samples were incubated with 1 µl DNase Inactivation reagent for 5 min at room temperature, and centrifuged at 10,000 g for 5 min at 4˚C. DNase treated RNA was finally incubated for 10 min at 75˚C, and stored on ice for further processing. miRNA selection. We performed an initial microarray study (Affymetrix GeneChip miRNA Array which contained 848 miRNAs representing Sanger miRBase v11) on the samples exposed for 24 h to cisplatin or 5-FU. We then compared these preliminary data with published literature on miRNAs associated with chemotherapy in different tumour types, and selected a number of miRNAs that represent valid candidates in the context of chemotherapy-induced alterations of miRNA expression. We then filtered this list to select miRNAs which had predicted targets with a Total Context Score of <-0.5 in TargetScan (7) . An overview of the miRNAs selected for RT-PCR validation in the respective experimental groups is shown in Table I .
Reverse transcription and RT-PCR using Qiagen miScript PCR system. The miScript PCR system (Qiagen, Doncaster, Australia) was used to validate all miRNAs in the short-term and long-term experiments, except for miR-106a for which the TaqMan ® miRNA assay (hsa-miR-106a: ID 002169, RNU44: ID 001094) from Applied Biosystems was used. Qiagen miScript assays were undertaken according to the manufacturer's instructions. For each sample, 500 ng of DNase treated RNA was used for reverse transcription into cDNA. Following the manufacturer's protocol, we utilized 4 µl miScript 5X RT Buffer, 1 µl Reverse Transcriptase and 5 µl nuclease-free water. Incubation of reagents was performed in a thermocycler (protocol: 60 min at 37˚C, 5 min at 95˚C, then a hold at 4˚C). For real-time PCR, 5 µl of cDNA was mixed with 10 µl 2X QuantiTect SYBR, 2 µl 10X miScript Universal Primer, 2 µl gene specific 10X miScript Primer Assay, and 1 µl nuclease-free water. All samples were assayed in triplicate reactions using a Rotorgene 6000 thermocycler (Corbett Life Science, Sydney, NSW, Australia). Quantitative analysis was performed using Q-Gene software. miRNA expression data were normalized to the expression levels of RNU44, which displayed comparable expression across the different groups (data not shown).
Statistical analysis. Gene expression data for miRNAs were expressed as the means of normalized expression with standard deviation. Data were assessed for statistical significance using the Student's t-test for equal and unequal variances, Table I . miRNAs assessed via RT-PCR in the respective experimental groups.
Experimental group miRNAs SCC Treated with cisplatin hsa-miR-16, hsa-miR-17, hsa-miR-18b, hsa-miR-28-3p, hsa-miR-106a, hsa-miR-320a, hsa-miR-342-3p, hsa-miR-423-5p, hsa-miR-425, hsa-miR-514, hsa-miR-1197, hsa-miR-1304
Treated with 5-fluorouracil hsa-miR-199a-5p, hsa-miR-423-5p, hsa-miR-486-3p, hsa-miR-597, hsa-miR-617, hsa-miR-758, hsa-miR-766, hsa-miR-876-3p, hsa-miR-1197, hsa-miR-1286, hsa-miR-1304 EAC Treated with cisplatin hsa-miR-27b, hsa-miR-146b-3p, hsa-miR-337-5p, hsa-miR-411, hsa-miR-455-3p, hsa-miR-519c-3p, hsa-miR-543, hsa-miR-548d-5p, has-miR-581, hsa-miR-642, hsa-miR-650, hsa-miR-1288
Treated with 5-fluorouracil hsa-miR-146b-3p, hsa-miR-302f, hsa-miR-361-3p, hsa-miR-376c, hsa-miR-432, hsa-miR-486-3p, hsa-miR-519c-5p, hsa-miR-581, hsa-miR-631, hsa-miR-642, hsa-miR-643, hsa-miR-802
as appropriate, based on the Levene's test for homogeneity of variances. P<0.05 was considered to be statistically significant. All analyses were performed using SPSS 17.0 for Windows (SPSS, Chicago, IL).
miRNA target prediction and pathway analysis. Target prediction using TargetScan (http://www.targetscan.org) and pathway prediction using Ingenuity Pathway Analysis (IPA) (Ingenuity ® Systems; www.ingenuity.com) were combined to elucidate possible implications of altered miRNA expression. Predicted targets used in this analysis were required to present a total context score of <-0.5 in TargetScan. The total context score for a specific site is the sum of the contribution of these four features: site-type, 3' pairing, local AU content and position, which represents a parameter of site accessibility. Ingenuity Pathway Analysis parameters were set to assess a knowledge base derived from direct and indirect associations between genes in human experiments and cell lines. In the Ingenuity Pathway Analysis, genes are grouped according to function and are allocated to top associated networks and cellular functions. Ingenuity Pathway Analysis uses a right tailed Fisher's exact test to assign p-values to each grouping, testing each result against a result from random groups of input predicted genes. Networks and cellular functions are ranked according to their score with the highest scoring networks representing the greatest statistical significance. In the context of cellular functions, we focused our attention to those functions which might represent an important step in the cellular response to cytotoxic stimulus. As cells might activate various processes, including overcoming the cytotoxic stress (for example the activation of drug metabolizing enzymes or drug efflux pumps) or initiating apoptosis and cell death, we selected the following functions from the provided IPA results, 'Cellular growth and proliferation', 'Cell cycle', 'Cell death', 'DNA replication, recombination and repair' and 'Drug metabolism'.
Results
The comparison of miRNA expression between the short-term or long-term treatment of cell lines and the untreated controls revealed an explicit impact of chemotherapy on the miRNA expression profile in both histological subtypes.
Altered miRNA expression after chemotherapy. Table II presents an overview of PCR validation results including the fold-change in gene expression after treatment, compared to sham-treated controls, and associated p-values. In total, 33 of the selected miRNAs were expressed at detectable levels in the esophageal cancer cell lines used in this study, and the expression of 13 of these miRNAs was significantly altered after exposure to chemotherapy in at least one cancer cell line. Changes in the expression after chemotherapy approached significance in another 5 miRNAs (miR-642, miR-543, miR-361-3p, miR-432, miR-1304; p-value between 0.051 and 0.087). Most of the significantly deregulated miRNAs showed an induction in expression after chemotherapeutic treatment, compared to untreated controls. In SCC, nine miRNAs Table II (miR-199a-5p, miR-320a, miR-342-3p, miR-425, miR-486-3p, miR-617, miR-758, miR-766 and miR-1286) were more highly expressed after chemotherapy treatment with either drug, and in EAC, two miRNAs (miR-302f and miR-519c-5p) presented an increased expression after 5-FU treatment. Only two miRNAs (miR-455-3p and miR-548d-5p) showed a decreased expression after cisplatin treatment in EAC. Fig. 1 summarizes the mean normalized expression of the differentially expressed miRNAs.
The expression of 11 of the selected miRNAs (miR146b-3p, miR-337-5p, miR-519c-3p, miR-581, miR-597, miR-631, miR-643, miR-650, miR-802, miR-1197, miR-1288) was extremely low in the esophageal cancer cell lines used (take-off of amplified product >30), and analysis of the PCR products indicated a lack of specificity in amplification. These miRNAs were therefore excluded from further statistical analysis.
Cisplatin vs. 5-FU. Both chemotherapy agents impacted the miRNA expression. 5-FU treatment was followed by an increase in the levels of eight miRNAs, compared to untreated controls. Cisplatin treatment was followed by an increase in the levels of three miRNAs, and a reduction in the expression of two miRNAs.
Short-term vs. long-term treatment.
In most cases, similar deregulation of a particular miRNA was found after long-term exposure (treatment of cells over 72 h) compared to short-term exposure experiments (treatment of cells over 24 h) with the same chemotherapeutic agent. Table III presents an overview of the IPA network analysis. In all experiments, the most significant network included functions that are relevant to cell survival and maintenance of cellular growth and proliferation. These networks presented the highest score of all networks provided by the IPA (p-value-based score which represents the likelihood that predicted targets within a network are found therein by chance).
IPA network analysis.
IPA function analysis. A more detailed analysis of the data focusing on 'Molecular and cellular functions' is shown in Table IV . In all experiments, functions such as 'Cell death', 'Cell cycle', 'Cellular growth and proliferation', 'DNA replication, recombination, and repair' and 'Drug metabolism' were identified with a high likelihood to differ significantly from the results of random groups of input genes. In 3 out of 4 experiments, these functions showed even the greatest statistical significance and were listed amongst the Top 5 Bio Functions in the section 'Molecular and cellular functions'.
Discussion
There is increasing evidence that chemotherapy treatment with various anticancer drugs such as curcumin (a naturally occurring flavinoid), gemcitabine, 5-FU, capecitabine or fludarabine affects miRNA expression in a number of cancers including lung adenocarcinoma, chronic lymphocytic leukemia, pancreatic and colorectal cancer (8) (9) (10) (11) (12) (13) (14) . Our current study presents the first evidence that chemotherapy affects miRNA expression in esophageal cancer cells. Cisplatin treatment was followed by up-regulation of miR-342-3p, miR-425 and miR-320a in SCC and down-regulation of miR-548d-5p and miR-455-3p in EAC. 5-FU treatment was followed by increased expression of miR-617, miR-199a-5p, miR-758, miR-766, miR-486-3p and miR-1286 in SCC and of miR519c-5p and miR-302f in EAC. In addition, similar changes in miRNA expression were identified after short-or long-term exposure to both drugs, possibly implicating these miRNAs in response to chemotherapy. Analysis of predicted targets of these miRNAs highlighted molecular networks which include functions such as 'Cell death', 'Cell cycle', 'Cellular growth and proliferation', 'DNA replication, recombination, and repair' and 'Drug metabolism', and this suggests that the identified changes in miRNA expression are consistent with a biological effect in the cells responding to the cytotoxic agents. Deregulation or stable expression has been reported for several of the identified miRNAs, including miR-342-3p, miR-425 or miR-455-3p, in inflammatory breast cancer, multiple myeloma, acute promyelocytic leukemia, glioblastoma, colorectal cancer, malignant mesothelioma or hepatocellular carcinoma, and they seem to play a role in cancer development by affecting proliferation, cell cycle control, migration, angiogenesis, differentiation, invasion and hypoxia (miR-199a-5p) (15) (16) (17) (18) (19) (20) (21) (22) (23) . More interestingly, some of the identified miRNAs or members of their families (namely miR-342, miR-758, miR519c and miR-455-3p) were found to be deregulated in drug resistant cancer cell lines, and ectopic modulation of miR-519c and miR-455-3p expression has been shown to impact on the sensitivity to mitoxantrone and temozolomide treatment respectively. In this context, ABCG2, LTBR (a proapoptotic gene), EI24 (a p53-target gene) and SMAD2 have been identified as putative targets for these two miRNAs (24) (25) (26) (27) .
Some limitations of our current study need to be recognized when interpreting our results. The most important limitation is the restriction to two esophageal cancer cell lines (OE19 and KYSE410 respectively), rather than a broader range of cell lines or in vivo studies. When we designed our study we aimed to test the hypothesis that chemotherapy affects miRNA expression in esophageal cancer as described in other tumour types, and we wanted to generate a list of potential microRNA based biomarkers and their potential targets so that we could better understand the response to cisplatin and 5-FU based chemotherapy in esophageal cancer. By focussing on two esophageal cancer cell lines that are frequently used in other studies and are recognized to be representative of esophageal adenocarcinoma and squamous cell carcinoma (OE19 and KYSE410, respectively), we have provided preliminary data which supports the contention that miRNA expression reflects the response to chemotherapy in this cancer. Our results will require further verification, both in other esophageal cell lines and in vivo, to further evaluate this mechanism in esophageal cancer.
In addition, our current study did not include thorough target validation for all differentially expressed miRNAs. This was not one of the aims of our study, as we were primarily interested in whether the reported effect of chemotherapy on miRNA expression in other tumour types was applicable in esophageal cancer, and our study yielded a positive result. However, further investigation of the exact pathways affected by deregulation of miRNAs is the next step required for us to understand the biological consequences of altered miRNA expression and to identify those miRNAs which impact on clinical outcomes.
From our current study we can only hypothesize the impact of different chemotherapy exposure times on global miRNA expression, as the described changes in miRNA expression after 24 or 72 h of chemotherapy were limited by the specific selection of these miRNAs. As we did not perform a broader expression profiling by using for example microarray techniques at each time point, our findings do not allow further interpretation of the effect of short-and long-term exposure to cisplatin and 5-FU in these cell lines. However, there are so far only very limited reports about alterations in miRNA expression across different lengths of exposure to chemotherapy and the results are inconclusive (28, 29) .
In conclusion, we have demonstrated for the first time that chemotherapy with cisplatin and 5-FU leads to changes in miRNA expression in esophageal EAC and SCC cells, and most of the identified miRNAs showed similar alterations in expression after short-vs. longer-term exposure to chemotherapy. Analysis of the predicted targets of these deregulated miRNAs suggests that these miRNAs are, in fact, impacting on functions relevant for the cellular response to a cytotoxic stimulus. These data highlight the identified miRNAs as potential candidates for clinical response monitoring of chemotherapy, and provide a basis for future studies to determine the effect of chemotherapy on the expression in vitro and in vivo. Finally, further investigations are warranted to identify the cellular pathways which are affected by the deregulated miRNAs.
